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Semiconducting skutterudite CeFe4P12 is investigated by synchrotron x-ray photoemission spec-
troscopy (PES) and x-ray absorption spectroscopy (XAS). Ce 3d core-level PES and 3d-4f XAS,
in combination with single impurity Anderson model (SIAM) calculations, confirm features due to
f0, f1 and f2 configurations. The Ce 4f density of states (DOS) indicates absence of a Kondo
resonance at Fermi level, but can still be explained by SIAM with a small gap in non-f DOS. While
Ce 4f partial DOS from band structure calculations are also consistent with the main Ce 4f DOS,
the importance of SIAM for core and valence spectra indicates Kondo semiconducting mixed valence
for CeFe4P12, derived from strong hybridization between non-f conduction and Ce 4f DOS.
PACS numbers: 71.20.Eh, 71.27.+a, 79.60.-i
Filled skutterudite compounds with a general formula
RT4X12 (R = rare earths; T = Fe, Ru, Os; X = P, As,
Sb) exhibit a wide variety of strongly correlated electron
phenomena, e.g., exotic superconductivity: PrOs4Sb12
[1]; heavy fermion behavior: PrFe4P12[2]; metal-insulator
transition: PrRu4P12[3] and SmRu4P12 [4]; unusual non-
metallicity: CeFe4P12 and UFe4P12 [5], etc. The filled
skutterudites are also known to be important for ther-
moelectric applications [6]. The properties depending
on rare earth ion R in terms of its ionic size, electronic
states, and its position in the unique bcc crystal struc-
ture (space group Im3¯, with R ions surrounded by twelve
X and eight T ions), suggest a tunable hybridization be-
tween the rare-earth f -electrons and non-f conduction
(c) band states as primarily responsible for this variety
of phenomena [7, 8].
Among the RFe4P12 series with R belonging to the 4f
series (R = La, Ce, Pr, Nd), only the Ce-compound is
semiconducting; the LaFe4P12 is a superconductor (Tc =
4.1 K) while the PrFe4P12 and NdFe4P12 show metallic
behavior [5, 9, 10]. Even for single-crystals of CeFe4P12,
the fit to an activated behavior is valid only over a lim-
ited temperature range and gives a gap value of ∼0.13
eV, consistent with a 0.15 eV gap-like structure in op-
tical spectroscopy [11]. The temperature independent
magnetic susceptibility is also anomalous, with a value
approximately half of that of LaFe4P12. This fact indi-
cates a reduced magnetic moment for Ce ions, since the
metallic PrFe4P12 and NdFe4P12 exhibit typical triva-
lent free-ion magnetic moments. The above described
behavior of CeFe4P12 is thus, similar to the hybridization
gap semiconductors which are also referred to as Kondo-
semiconductors [12]. In particular, among Ce-filled skut-
terudites, the CeT 4P12 series show semiconducting prop-
erties and have much smaller lattice constants than the
value expected from trivalent lanthanide contraction [13].
This itself suggests that Ce 4f states have strong hy-
bridization with c electron states, and hence the energy
gap in CeT4P12 may be a c-f hybridization gap. While
a few studies on CeT4P12 [14, 15] support this picture,
there is no direct experimental evidence for the strong
c-f hybridization in these compounds.
In this work, we use core-level photoemission spec-
troscopy (CL-PES), 3d-4f resonant-PES (R-PES) and
x-ray absorption spectroscopy (XAS) to investigate the
electronic structure of CeFe4P12. PES and XAS, in com-
bination with single-impurity Anderson model (SIAM)
calculations, have played a major role in studying the
electronic structure of strongly correlated metallic f elec-
tron systems exhibiting the Kondo effect, mixed valence
and heavy fermion behavior [16, 17]. These techniques
provide a quantification of electronic structure parame-
ters as well as the f -electron count, nf , which is a direct
measure of hybridization induced mixed valency. Recent
work has also shown that soft x-ray (SX) 3d-4f R-PES
[18] and hard x-ray (HX)-PES [19, 20, 21] are impor-
tant for studying bulk-sensitive electronic structure of
solids, while 4d-4f R-PES probes surface sensitive elec-
tronic structure due to lower escape depths.
High-resolution low energy studies of Kondo semicon-
ductors have identified a clear pseudogap behavior at
Fermi level (EF) in YbB12 [22], as well as in CeRhAs and
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FIG. 1: (Color online) Ce 3d core-level photoemission spectra
for CeFe4P12 measured at several excitation energies.
CeRhSb [23]. Recent studies of 3d-4f R-PES [24] con-
cluded a bulk pseudogap in CeRhAs, while valence band
HX-PES [25] with hν ∼ 6 keV of CeRhAs were analysed
in terms of non-f DOS, since f -electron photoionization
cross-section is strongly reduced at hν∼ 6 keV. Thus,
methods of electron spectroscopy combined with SIAM
are well-established for typical Kondo metals [16, 17], to
date. However, high-energy CL-PES in combination with
3d-4f XAS and R-PES, and their consistency with SIAM
calculations for a hybridization gap semiconductor have
not been established.
CeFe4P12 single crystals used in this work were grown
by the tin-flux method [10]. SX-PES (both CL- and R-
PES), x-ray absorption spectroscopy (XAS) and HX-CL-
PES were performed at SPring-8. For all experiments, a
clean surface was obtained by fracturing in situ at low
temperatures. The vacuum during measurements was
around 2×10−8 Pa. SX-PES and XAS experiments were
performed at undulator beamline BL17SU. PES spectra
were measured using a hemispherical electron analyzer,
SCIENTA SES-2002. The overall energy resolution was
set to ∼ 200 meV for the spectra of CL-PES and R-
PES. XAS spectra were recorded using the total electron
yield method. HX-PES (hν = 5948 eV) experiments were
performed at undulator beamline BL29XU using a hemi-
spherical electron analyzer, SCIENTA SES-2002 [20] at
a total energy resolution of ∼ 300 meV.
Figure 1 shows Ce 3d CL-PES spectra of CeFe4P12
measured at excitation energies from 1200 to 5948 eV.
The excitation energy dependent spectra are normalized
for the intensity of the 3d5/2f
1 peak. The spectra show
common features, with a 3-peak structure labelled as
f0, f1 and f2 states, for the spin-orbit split Ce 3d5/2
v
w
x
y
z
{
|
}
~











Ł
  ¡¢£¤ ¥¦§¨
©ª «¬­®¯ °±²
³ ´ µ¶ ·
¸¹º»¼
½¾¿À
Á
Â
ÃÄ
ÅÆÇ
ÈÉÊËÌ
ÍÎ
ÏÐÑ
ÒÓ
ÔÕÖ
×
Ø
Ù
Ú
Û
Ü
Ý
Þ
ß
à
á
â
ã
ä
å
æ
ç
è
é
ê
ë
ì
í
î
ï
ð
ñ
ò
óôõ ö÷ø ùúû üýþ ß 
$ 	
 
 
   
fffi fl ffi ! "#
%&'()
*+,-
.
/
01
234
FIG. 2: (Color online) Comparison of (a) Ce 3d core-level
photoemission spectrum and (b) Ce 3d-4f x-ray absorption
spectrum with corresponding spectra calculated by the SIAM.
Solid triangles mark energies at which off and on-resonant
photoemission spectra in Fig. 3 were measured.
and 3d3/2 energy ranges separated by about 18 eV. The
3d5/2f
0 and 3d3/2f
2 final states overlap. The 3-peak
structure is typical of Ce-based Kondo or mixed valent
metals and is thus surprising, as CeFe4P12 is a semi-
conductor. The presence of pronounced f0 and f2 fi-
nal states suggests that screening effects in CL-PES of
CeFe4P12 are qualitatively similar to Kondo metals. In
particular, since the f2 final state is caused by a screening
of the core hole by electrons from the valence band to 4f
states, the f2 peak intensity is considered as an indica-
tion of c-f hybridization strength. This evidence for va-
lence fluctuation derived from strong c-f hybridization,
is quantified in the following, using SIAM calculations.
With increasing excitation energy, i.e., increasing bulk-
sensitivity, the f2 and f0 peak intensities show a slight
increase from hν = 1200 eV to 2100 eV (as seen in 3d5/2-
f2 peak), but negligible change for hν = 2100 eV and
5948 eV. This result indicates that the spectra are domi-
nated by bulk-derived states at and above hν = 2100 eV.
A similar behavior has been reported in a series of Ce-
based Kondo metals [26].
In order to obtain the electronic structure parameters
of CeFe4P12, we use the modified SIAM with full multi-
plet effects to calculate the Ce 3d CL-PES spectrum. We
use the basis set consisting 4f0, 4f1v, and 4f2v2 configu-
rations to describe the ground state, where v is a hole in
the c band below EF. The hybridization strength V (ε)
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FIG. 3: (Color online) Ce 3d-4f resonant photoemission spec-
tra for CeFe4P12 in comparison with the LDA band structure
calculation (Ce 4f pDOS) and SIAM. Off-resonant spectrum
is compared with LDA Fe 3d pDOS.
between the 4f and c band depends on the c band en-
ergy ε. The c band states are logarithmically discretized
[27], with a semi-elliptical form of V (ε)2 and a small gap
(0.2 eV) at EF (Fig. 4), because CeFe4P12 is a semicon-
ductor. Details of the model calculations are standard
and are described in earlier work [16, 27, 28]. Figure 2
(a) shows a comparison of the Ce 3d CL-PES spectrum
measured at hν = 5948 eV with the calculated spectrum
obtained using the SIAM. The calculated spectra match
the experimental spectra fairly well and the estimated
parameters are: on-site Coulomb repulsion Uff = 7 eV,
core-hole potential Ufc = 11.78 eV, charge-transfer en-
ergy ∆ = −0.9 eV, hybridization strength V = 0.44 eV,
bandwidth W = 2.0 eV and nf = 0.86. These values
are similar to those of α-Ce investigated by bulk sensi-
tive spectroscopy [29]. The results clearly indicate mixed
valency due to the strong c-f hybridization in CeFe4P12.
Using the same parameter set with a small change only in
V (= 0.4 eV), we have also calculated the Ce 3d-4f XAS
spectrum and compared with experiments, as shown in
Fig. 2 (b). For the XAS spectrum, weak satellite struc-
tures at 888 eV and 907 eV are clearly observed, with a
slightly lower intensity in the experiment compared to the
calculation. Nonetheless, these weak satellites are due to
the 3d94f1 final state originating from the 4f0 configura-
tion, and indicate the importance of the f0 contribution
in the ground state of CeFe4P12. A small reduction in V
is known for XAS of Ce-based Kondo metals from early
work [16].
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FIG. 4: Schematic for the ground state configurations in
the SIAM with an energy gap at Fermi level. Dashed lines :
normal metal DOS (no energy gap).
Figure 3 shows the off- and on-R valence band PES
spectra of CeFe4P12, measured at hν = 876 eV and
882 eV, respectively. The photon energies used are
marked in the XAS spectrum shown in Fig. 2 (b). The
spectra are normalized to the incident photon flux. The
large increase (about twelvefold) in spectral intensity of
on-R PES spectrum compared to off-R PES spectrum
represents the Ce 4f partial density of states (pDOS).
In typical Ce-based Kondo metals, the Ce 4f pDOS ob-
tained from the on-R PES spectrum is well-described by
SIAM calculations [16, 17, 18]. In this model, the Ce 4f
pDOS in the occupied DOS is composed of f0 final state
at high binding energy (∼3 eV), and f1 final state cor-
responding to the so-called Kondo resonance peak just
at and above EF [16, 17, 18]. The intensity of f
1 peak
at and near EF is enhanced by electron-hole pair excita-
tions [27]. In contrast, the experimentally obtained Ce 4f
pDOS exhibits a main peak significantly below EF, po-
sitioned at 0.7 eV binding energy. Thus CeFe4P12 does
not behave like a regular Kondo metal as seen by the
absence of the Kondo resonance at EF, although Ce 3d
CL-PES can be described by the SIAM. We believe this
is in accord with its semiconducting property. Figure 4
schematically shows f -level and c states for a regular
Kondo metal and its modification due to a semiconduct-
ing gap. The presence of a small gap still allows screening
of a core-hole from occupied valence band states giving
characteristic features observed in CL-PES and XAS, but
does not give the Kondo resonance peak. Consequently,
the Ce 4f features result in qualitatively different behav-
ior, unlike a conventional SIAM calculation for a Kondo
metal. Therefore, we introduce a modified SIAM model,
which has a narrow energy gap at EF (Fig.4). The pa-
rameters used for the calculation of on-R PES spectrum
are the same as that of XAS. The calculated spectrum
shows a reasonable agreement with experimental on-R
PES spectrum, except for a weak structure just below
EF. Note that while the Ce 3d CL-PES is like α-Ce,
the Ce 4f states are very different from α-Ce. The weak
structure in on-R PES spectrum also has 4f character
as its spectral intensity is suppressed in the off-R PES
spectrum (Fig. 3).
4We have also compared the on- and off-R PES spec-
tra with band structure calculations using the local den-
sity approximation (LDA) [31], as shown in Fig. 3. The
valence and conduction bands around EF in CeFe4P12
are composed of Ce 4f , Fe 3d and P 3p states. Tak-
ing into account the photoionization cross sections [30],
the off-R PES spectrum is expected to be dominated by
Fe 3d pDOS, while the on-R data is dominated by Ce
4f pDOS. Except for a weak feature around EF in the
on-R PES spectrum, the Ce 4f spectral shape is also
well reproduced by the LDA calculation. It is surpris-
ing that the Ce 4f electronic states are similarly repro-
duced by both SIAM and LDA calculations, since the
calculations are generally incompatible with each other
[32]. The off-R PES spectrum is nicely reproduced by
the calculated Fe 3d pDOS. The main peaks of the Fe
3d and Ce 4f appear at ∼ 1 eV and ∼ 0.7 eV, respec-
tively, and this difference in the peak positions is quanti-
tatively agree with the Fe 3d and Ce 4f calculated pDOS.
This result suggests that the majority of states near EF
in CeFe4P12 has Ce 4f character. According to c-f hy-
bridization model [12] for Kondo semiconductors, the hy-
bridization between the narrow f band positioned just
below EF and a broad c band produces an energy gap at
EF. The CL-PES and XAS results give convincing evi-
dence for strong hybridization in CeFe4P12, with a nf =
0.86 typical of mixed valent α-Ce type systems. A clus-
ter model analysis of PES spectra for PrFe4P12 [33], con-
cluded a heavy fermion metallic behavior due to strong
hybridization with an nf count of 2.07, corresponding
to divalent admixture [34]. Therefore, CeFe4P12 is ever
more mixed valent and has stronger hybridization than
PrFe4P12. The experimental data lends strong credence
to the gap in CeFe4P12 being a c-f hybridization gap.
Thus, while SIAM and LDA calculations describe the Ce
4f pDOS equally well, the features derived from f0, f1
and f2 configurations in CL-PES and XAS indicate a
Kondo semiconducting ground state for CeFe4P12.
In summary, we have performed synchrotron PES and
XAS on the filled skutterudite CeFe4P12. The Ce 3d
CL-PES and XAS, in combination with SIAM calcula-
tions, indicate mixed valency in CeFe4P12 due to strong
c-f hybridization. Ce 3d-4f R-PES reveals the absence
of a Kondo resonance, consistent with a semiconducting
ground state. While band structure and SIAM calcula-
tions show qualitative agreement with the main peak of
Ce 4f pDOS, features derived from f0, f1 and f2 config-
urations in CL-PES and XAS clearly indicate a Kondo
semiconducting ground state of CeFe4P12.
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